Plutonium has been chemically separated from seven d i f f e r e n t ores and t h e r a t i o s of plutonium to uranium determined. This r a t i o was found t o be f a i r l y constant i n pitchblende and monazite ores, i n which t h e uranium content varied from 50% t o 0.24%, and s u b s t a n t i a l l y l e s s i n c a r n o t i t e and
A 1 1 t h e plutonium obtained was ~u~~~, probably formed b y t h e U 238
i n t h e ore capturing neutrons and decaying a s shown: 
239

Bpu239
The sources of neutrons include t h e spontaneous f i s s i o n of uranium, (a,n) reactions caused by t h e a c t i o n of alpha p a r t i c l e s fmm the heavy 'radioactive elements on t h e nuclei of l i g h t elements i n the ore, and cosmic rays.
I n t h e cases of the pitchblende ores, t h e spontaneous f i s s i o n of uranium and (u,n) reactions contribute t h e major portion of t h e neutrons. I n thorium o r e s which contain a low abundance of uranium, neutrons from (u,n) reactions a r e probably dominant. The lower concentration of plutonium i n c a r n o t i t e and fergusonite i s a r e s u l t of t h e presence of neutron absorbing impurities i n these ores.
No isotopes of plutonium other than R?39 were found. An upper limit f o r ~u~~~ i n Canadian and Belgian Congo pitchblendes was s e t a t one p a r t ~u~~~ i n 4 x 10' ' p a r t s o r e . An upper limit f o r t h e hypothetical Pu 244 8 i n Brazilian monazite was s e t (assuming a h a l f -l i f e of 1 0 years f o r Pu2'!"9 1 1 a t one p a r t h2& i n 3.6 x 1 0 p a r t s ore.
It i s postulated t h a t u~~~ and t h e "missingn neptunium (4n+l) radioactive s e r i e s a r e present i n nature i n minute q u a n t i t i e s , formed by t h e absorption -of neutrons by ~h~~~, thus: ~h~~~ + n Th233 P-> Pa 233 $-, $33 b Smaller amounts of N~~~~, from t h e reactions U 238(n, 2 n )~~~~ N~~ a r e a l s o present. The amounts of transplutonium elements present i n nature seem t o b e t o o mall t o d e t e c t by present means unless some unknown, very long-lived isotopes e e s t .
I . INTRODUCTION The discovery of n a t u r a l l y occurring plutonium was reported i n 1942 1 by Seaborg and Perlman who chemically separated t h e plutonium from a sample of Canadian pitchblende concentrate and estimated t h e plutonium content of t h e ore to be roughly one p a r t i n 1014 by weight. From considerations of possible methods of formation of plutonium, i t was assumed t h a t t h e plu-239 tonium was Pu .
Because of the more complete knowledge of t h e chemical properties of plutonium and t h e a v a i l a b i l i t y of t h e multi-channel d i f f e r e n t i a l pulse analyzer2 by means of which a radioactive isotope can be i d e n t i f i e d by t h e c h a r a c t e r i s t i c energy of i t s decay, it was decided t o separate plutonium chemically fmm various ores, i n v e s t i g a t e i t s i s o t o p i c composition, and determine i t s probable origin.
Since t h e p o s s i b i l i t y existed t h a t t h e plutonium found by Seaborg and 1
Perlman was not ~u~~~, a search was a l s o m d e i n some cases f o r pun* and P U *~. If t h e plutonium were P U *~~, it could have come only fmm t h e u~~~ which decayed by t h e simultaneous emission of two beta p a r t i c l e s . It has previously been shown t h a t t h e " h a l f -l i f e f f f o r t h i s transformation i s g r e a t e r than 1018 years. 3
The most l o g i c a l method f o r t h e formation of ~u~~~ would be t h e capture neutron by a u~~~ nucleus, forming u~~~ which decays t o ~u~~~ by the emission of beta p a r t i c l e s through t h e following decay chain:
u~~~ + n .
a U 239 L> ~p 239 & P U~~~. The neutrons available f o r capture would be those emitted during t h e spontaneaus f i s s i o n of uranium, those r e s u l t i n g from t h e a c t i o n of alpha p a r t i c l e s on t h e nearby l i g h t elements, and those from cosmic rays.
From considerations involving t h e assumption of a smooth energy surface 4 i n the heavy region, and from the systematics of alpha decay, it may be postulated t h a t t h e Pu2& nucleus i s s t a b l e with regard t o decay by b e t a p a r t i c l e emission, and the h a l f -l i f e f o r decay by alpha p a r t i c l e emission 8 might possibly be a s long as 10 years. This would r e s u l t i n puU having a s u f f i c i e n t l y long l i f e t i m e so t h a t i f any pu2& were present a t t h e time of formation of t h e earth, it might s t i l l be detectable. ( I t should a l s o be mentioned t h a t t h e r e might be an i r r e g u l a r i t y i n the energy surface such 8 t h a t ~u~~ might be shorter l i v e d than 10 years by many orders of magnitude.)
Since t h e chemical properties of plutonium a r e s i m i l a r t o t h e chemical properties of uranium, thorium, and t h e r a r e e a r t h elements, a search f o r PU* was undertaken using ores of uranium, thorium, and r a r e e a r t h elements.
The plutonium was separated chemically from samples of pitchblende o r e s taken from Colorado, t h e Belgian. Congo, and t h e Great Bear Lake region of Canada, from samples of m o n a~i t e ores from North Carolina and B r a z i l , from a sample of fergusonite o r e originating i n Colorado, ard from a sample of c a r n o t i t e ore from Colorado. The r a t i o s of plutonium t o uranium i n a l l of these o r e s were determined, and from considerations duscussed i n p a r t IV, an attempt h a s been made t o draw some conclusions as t o the origin of t h e plutonium .
EXPERIMENTAL WORK Pitchblende Ores
The plutonium was separated from t h e pitchblende by t h e following chemical procedure. A 100 gram sampletof t h e ore was digested f o r t h r e e hours with 200 ml. of concentrated n i t r i c acid. I n some samples, a t r a c e r amount of ~u~~~ which had been pre-oxidized t o the hexapositive s t a t e was added i n order t o determine t h e amount of plutonium l o s t b r i n g t h e chemical separation. The l i q u i d was separated by f i l t e r i n g and t h e residue t r e a t e d i n a s i m i l a r fashion with another portion of n i t r i c a c i d . The f i l t r a t e s were put aside and the residue fused with sodium carbonate. The f u s i o n mixture was washed with water and then digested with n i t r i c acid. The s o l u t i o n was separated by f i l t e r i n g , the p r e c i p i t a t e washed, and the f i lt r a t e and washings added t o t h e previous f i l t r a t e s . The residue was t r e a t e d w i t h hydrofluoric a c i d plus a few drops of s u l f u r i c acid, evaporated t o dryness, and then extracted with hot concentrated n i t r i c a c i d . The remaining residue was fused again with sodium carbonate, washed, extracted with n i t r i c acid, and the e x t r a c t s added t o t h e previous f i l t r a t e s .
The f i l t r a t e s were then evaporated by boiling t o reduce t h e volume, and d i l u t e d with water u n t i l the n i t r i c a c i d concentration was about 2N. -S u l f u r dioxide gas was bubbled through t h e s o l u t i o n t o reduce any PU(VI) t o pu(IV). Three tenths of a mg. of ~a + + + were added per ml. of solution, t h e solution made 3Ij i n hydrofluoric acid, and the lanthanum f l u o r i d e p r e c i p i t a t e centrifuged and washed. The lanthanum f l u o r i d e p r e c i p i t a t e (containing any plutonium) was heated with t h r e e separate portions of 40% potassium hydroxide solution i n order t o metathesize it t o lanthanum hydroxide. The l a n t h a m hydroxide was dissolved i n a minimum amount of concentrated n i t r i c acid, and diluted u n t i l t h e n i t r i c a c i d concentration was about z. The solution w a s made 0 . 1 N i n sodium bmmate and heated i n -a water bath f o r one hour t o oxidize any plutonium t o t h e h e w p o s i t i v e s t a t e ,
The solution was cooled and made 2N i n hydrofluoric a c i d i n order t o precipi--t a t e t h e lanthanum (hexapositive plutonium s t a y s i n solution) .
Three of these "lanthanum f l u o r i d e cyclesN were c a r r i e d out, reducing t h e volume of the solution each time. The plutonium was then oxidized a f o u r t h time ( t h e volume being about 0.5 ILL .) , t h e solution saturated with ammonium n i t r a t e , and t h e plutonium e x t r a c t e d i n t o d i e t h y l e t h e r . The ether s o l u t i o n was washed with 10N ammonium n i t r a t e and then evaporated on a -one-inch platinum disk, giving an i n v i s i b l e , e s s e n t i a l l y weightless sample of plutonium.
B. Monazite Ores
The plutonium was separated chemically fmm the monazite o r e s as follows. One kilogram of t h e monazite was ground and digested f o r f i v e hours i n 1300 ml. of concentrated s u l f u r i c acid. This was found t o be a b e t t e r means of breaking down t h i s quantity of o r e than e i t h e r t h e strong a l k a l i digestion o r fusion processes. A t r a c e r amount of ~u~~~ was added i n order t o determine what f r a c t i o n of t h e n a t u r a l l y occurring plutonium survived the chemical procedures, The digestion mass was cooled, d i l u t e d about 1:l with water, and added t o 8.5 l i t e r s of concentrated hydrochloric a c i d . This was s t i r r e d f o r one day t o ensure t h a t any plutonium was freed from t h e insoluble chlorides which p r e c i p i t a t e . The l i q u i d was f i l t e r e d from t h e residue. The residue was washed with concentrated hydrochloric a c i d , and t h e wash l i q u i d added t o t h e o r i g i n a l f i l t r a t e . Hydrogen chloride gas was bubbled through t h e f i l t r a t e u n t i l i t was about 1 1 N i n hydrochloric -acid, and t h e f i l t r a t e was then passed through a n i o n exchange column f i l l e d with Dowex A-1 Anion Exchange Resin. Under these conditions, the r e s i n r e t a i n s uranium, plutonium, and i r o n while t h e other ions pass through. 5
The r e s i n w a s washed by passing concentrated hydrochloric acid through it.
The adsorbed i r o n , uranium, and plutonium were then stripped from t h e r e s i n by passing 0.2N hydrochloric a c i d through t h e r e s i n bed. This gave a d i l u t e * -hydrochloric a c i d solution of i r o n , uranium, and plutonium.
To t h i s solution was added a t r a c e of n i t r i c a c i d , s u l f u r dioxide t o reduce hexapositive plutonium t o t h e t e t r a p o s i t i v e oxidation s t a t e , 0.1 mg.
of la++* per m l . of solution, and t h e solution made 2 N -in hydrofluoric acid.
The plutonium was c a r r i e d by t h e p r e c i p i t a t e d lanthanum f l u o r i d e , which was then metathesized with 40% potassium hydroxide a s described previously, t h e r e s u l t i n g hydroxide dissolved i n n i t r i c acid, made O.lN -i n sodium bromate, heated f o r one hour i n a water bath t o oxidize t h e plutonium, and then saturated with ammonium n i t r a t e . The plutonium and the remaining uranium were extracted i n t o d i e t h y l ether, then re-extracted from the e t h e r by shaking t h e e t h e r with water containing s u l f u r dioxide. The water ext r a c t containing t h e plutonium and uranium was evaporated t o reduce i t s +++ volume, 0.2 mg. of La per ml. of solution were added, and t h e solution made 2N -i n hydrofluoric a c i d i n order t o p r e c i p i t a t e t h e lanthanum f l u o r i d e and t h e plutonium. The lanthanum f l u o r i d e was metathesized to t h e hydroxide, dissolved i n n i t r i c acid, and t h e plutonium oxidized with bromate a s before.
The lanthanum was precipitated as t h e fluoride, the f i l t r a t e and,washings +++ reduced with sulfur dioxide, and s t i r r e d while 0.2 mg. of La per ml .
o f solution were added very slowly. This was digested 1.5 hours t o improve t h e carrying of t h e t e t r a p o s i t i v e plutonium by t h e lanthanum f l u o r i d e .
The p r e c i p i t a t e was centrifuged, washed, metathesized t o t h e hydroxide, di ssolved i n n i t r i c acid, 'and t h e plutonium oxidized t o t h e hexapositive s t a t e by bromate. This solution (about 0.5 m l . ) was s a t u r a t e d with ammonium n i t r a t e and the plutoni.um extracted i n t o d i e t h y l ether. The ether was evaporated on a platinum p l a t e as before t o give an e s s e n t i a l l y weightl e s s sample of plutonium.
C . Fergusonite Ore
The plutonium was separated f m m t h e fergusonite ore as follows. A 280 gram sample of t h e ore, gmund t o pass a 100 mesh screen, was t r e a t e d with t h r e e successive portions of hydrofluoric acid i n a platinum dish. A known quantity of pun8 t r a c e r was added i n o r d e r t o determine t h e f r a c t i o n of n a t u r a l l y occurring plutonium which survived the chemical procedures.
Each portion of hydrofluoric a c i d w a s evaporated almost to dryness before $he next portion was added. After t h e f i n a l treatment, t h e solution was d i l u t e d and the residue f i l t e r e d o f f . The residue contained t h e insoluble f l u o r i d e s and any Pu(IV) which might have been i n t h e ore, while t h e f i l t r a t e contained any ~u(V1) which might have been present. Sulfur dioxide was bubbled through t h e f i l t r a t e t o reduce any plutonium t o t h e t e t r a p o s i t i v e s t a t e and 0.2 mg. of LC** per m l . of solution were added slowly. The
solution was s t i r r e d and digested i n order t o increase t h e amount of t h e PU(IV) c a r r i e d by t h e lanthanum f l u o r i d e which p r e c i p i t a t e d .
The lanthanum f l u o r i d e p r e c i p i t a t e was added to t h e o r i g i n a l residue, t h e combined residues metathesized t o t h e hydroxide by t r e a t i n g with t h r e e separate portions of 40% potassium hydroxide solution, and t h e hydroxides washed and t r e a t e d with hydrochloric acid. Thi s hydrochloric acid solution was f i l t e r e d , t h e residue washed, and f i l t r a t e and washings s e t a s i d e .
The residue was t r e a t e d i n t h e same manner a s the o r i g i n a l o r e sample:
given a hydrofluoriq acid treatment, washed, metathesized t o the hydroxide, t h e hydroxide dissolved i n hydrochloric acid, f i l t e r e d , and washed. The hydrochloric acid f i l t r a t e s and washings were combined and hydrogen chloride was was added u n t i l t h e hydrochloric a c i d concentration was 1 1 N . The solution -passed through a n i o n exchange column packed with Dowex A-1 Anion Exchange
Resin. Uranium, plutonium, and i r o n a r e adsorbed on t h e r e s i n under these condition^.^ The column was washed with concentrated hydrochloric acid and the adsorbed ions stripped flom t h e r e s i n by passing 0 . 3 hydrochloric acid through t h e r e s i n bed. This gave a d i l u t e hydrochloric a c i d solution of plutonium, uranium, and iron.
The acid concentration was adjusted t o 1.5lJ, a b i t of n i t r i c acid added, s u l f u r dioxide bubbled through the solution t o ensure t h a t a l l t h e plutonium was i n t h e t e t r a p o s i t i v e s t a t e , a r d 0.2 mg. of ~a + + + per ml. of solution were added. The solution w a s then made 3N i n hydrofluoric acid and t h e
lanthanum f l u o r i d e which p r e c i p i t a t e d was c e n t r i f i g e d and washed. This lanthanum f l u o r i d e p r e c i p i t a t e c a r r i e d t h e plutonium. Three complete
nlanthanum f l u o r i d e cycles,1t as described i n t h e section above on pitchblende ores, were carried out, the plutonium oxidized with bromate, and extracted i n t o d i e t h y l ether. The e t h e r was washed with 10N ammonium n i t r a t e and -evaporated on a platinum disk, giving an e s s e n t i a l l y weightless sample of plutonium .
D. Carnotite Ore
Five hundred grams of c a r n o t i t e ore were subjected t o the following The remaining residue was well washed and t h e e x t r a c t and washings added t o t h e previous e x t r a c t s . To t e s t t h e residue f o r uranium content, a
. portion w a s t r e a t e d with hydrofluoric acid i n a platinum d i s h , and t h e supernatant made a l k a l i n e with potassium hydroxide. The p r e c i p i t a t e f omed was pure white, i n d i c a t i n g t h a t no more t h a n minute q u a n t i t i e s o f uranium remained i n t h e residue. The effectiveness of uranium extraction should be an indication o f the effectiveness of e x t r a c t i n g any plutonium which i s present i n the ore.
The combined e x t r a c t s were evaporated by b o i l i n g t o reduce t h e volume, and then d i l u t e d t o a f i n a l n i t r i c acid concentration of 1.5N. The solution -was made 0.1N i n sodium bromate and heated f o r one hour t o ensure that a l l -.
plutonium present was i n t h e hexapositive s t a t e . The solution was made 3 N
i n hydrofluoric a c i d and t h e insoluble f l u o r i d e s which p r e c i p i t a t e d were washed and discarded. Sulfur dioxide gas was bubbled thmugh t h e f i l t r a t e and washings t o reduce Pu(V1) t o ~u ( 1 V ) . The solution was then s t i r r e d
+++ while 0.2 mg. of La per ml . of solution were slowly added. The lanthanum f l u o r i d e p r e c i p i t a t e ( carrying the plutonium) was metathesized t o lanthanum hydroxide and dissolved i n n i t r i c acid. This s o l u t i o n was made 0.1N -i n bromate i o n and heated t o oxidize t h e plutonium to Pu(V1). , Three of these nlanthanum fluoride cyclesI1 were c a r r i e d out, t h e plutonium then oxidized with bromate and extracted i n t o d i e t h y l e t h e r a s described previously.
The e t h e r was evaporated on a one-inch platinum p l a t e giving an e s s e n t i a l l y weightless deposit containing t h e plutonium.
E. Counting and Yield Determination
The platinum p l a t e s on which t h e carrier-free plutonium was deposited were placed i n t h e i o n i z a t i o n chamber of the d i f f e r e n t i a l pulse analyzer apparatus. I n t h i s apparatus, t h e i o n i z a t i o n chamber i s connected, through an amplifier ,and 48 channel pulse discriminating c i r c u i t , t o a s e t of 48 f a s t mechanical counting r e g i s t e r s . Thus alpha p a r t i c l e s of d i f f e r e n t energies a r e counted on d i f f e r e n t r e g i s t e r s and it i s possible t o determine separately t h e c h a r a c t e r i s t i c s and measure the i n t e n s i t y of a c t i v i t y of each of a number of radioactive isotopes i n a mixture, provided t h a t they decay with d i f f e r e n t energies. For example, ~u~~~ and ~u~~~ can be distinguished separately by counting t h e number of 5.51 Mev alpha p a r t i c l e s originating from f18, and 5.15 Mev alpha p a r t i c l e s o r i g i n a t i n g f r o m ~u~~~ which a r e recorded i n a u n i t time.
The amount of n a t u r a l l y occurring plutonium n o t l o s t i n t h e chemical processing, i n t h e case of the Colorado pitchblende, was 26% of t h a t o r i g i -
nally present. This was determined from t h e r a t i o of the a c t i v i t y of t h e ~u~~~ t r a c e r i n the f i n a l residue t o the a c t i v i t y of t h e ~u~~~ added. The chemical y i e l d s i n the cases of t h e Belgian Congo and Canadian pitchSlendes were estimated a t 10% by considering t h e l o s s e s a t each s t e p of t h e chemical
procedure. No t r a c e r s were added i n these cases i n order t h a t a search might be made f o r P U *~~. The chemical y i e l d from Brazilian monazite was 25$, and from Carolina monazite, 17%. These a l s o were determined by t h e use of ~u~~~ which was added as t r a c e r . The chemical y i e l d s of plutonium i n t h e cases of the fergusonite and c a r n o t i t e ores, as determined by Pu 238 t r a c e r method, were 5% and 12$, respectively.
RESULTS
A. Canadian Pitchblende
A' t o t a l alpha p a r t i c l e counting r a t e of about 1 . 5 alpha p a r t i c l e s per minute was observed when t h e f i n a l plutonium sample separated from the Canadian pitchblende was placed i n the ionization chamber of t h e pulse a n a l y s i s apparatus. 
t i v i t i e s of g r e a t e r i n t e n s i t y than t h e background a c t i v i t y t h a t could be i d e n t i f i
C. Colorado Pitchblende -
When t h e plutonium sample separated from t h e Colorado pitchblende was placed i n t h e ionization chamber of t h e pulse a n a l y s i s apparatus, a t o t a l alpha counting r a t e o f about twenty p a r t i c l e s per minute was observed.
A t r a c e r amount of ~u~~~, corresponding to s i x t y alpha p a r t i c l e s per minute, had been added t o the o r i g i n a l ore sample. The residual a c t i v i t y due t o ~u~~~ anounted to 15.4 alpha p a r t i c l e s per minute, indicating t h a t t h e f i n a l plutonium sample contained about 26% of t h e n a t u r a l l y occurring plutonium o r i g i n a l l y present i n t h e o r e . The a c t i v i t y due t o t h e 5 .I5 There were l e s s than 0.05 alpha p a r t i c l e s p e r minute t h a t could be 8 a t t r i b u t e d to ~u~~~. Using an assumed h a l f -l i f e o f 1 0 years f o r t h i s hypot h e t i c a l isotope, an upper l i m i t f o r the Pu2& content of t h i s ore i s placed a t one p a r t Pu244 per 3.6 1 : 1011 p r t s o r e .
E. North Carolina Monazite
The f i n a l sample of plutonium obtained f m m t h e North Carolina monazite had a t o t a l alpha a c t i v i t y o f about f i f t e e n alpha p a r t i c l e s per minute. A t r a c e r amount of pu4*, corresponding t o an a c t i v i t y of s i x t y alpha p a r t i c l e s per minute had been added to the o r i g i n a l sample o f o r e . The a c t i v i t y of 238 t h e f i n a l sample consisted of 1 0 alpha p a r t i c l e s per minute due t o Pu There was no detectable t h i s ore contains about 1.64% uranium, t h e 1 1 one t o 2.8 x 1 0 . a c t i v i t y which could be a t t r i b u t e d a s due t o 244 alpha p a r t i c l e s from t h e hypothetical Pu .
F . Colorado Fergu sonite A t o t a l alpha p a r t i c l e a c t i v i t y of about one p a r t i c l e per minute was observed on t h e platinum d i s k containing t h e plutonium which was separated
from t h e f ergusonite o r e . A t r a c e r amount of ~u~~~, corresponding t o six alpha p a r t i c l e s per minute, had been added t o t h e o r i g i n a l sample of ore.
The a c t i v i t y due to Pu238 i n t h e f i n a l sample amounted t o 0.3 alpha p a r t i c l e s per minute, signifying a plutonium y i e l d of 5% of t h a t o r i g i n a l l y present i n t h e ore. An a c t i v i t y o f 4 . 0 1 alpha p a r t i c l e s per minute from ~u~~~ was
present. An upper l i m i t on t h e amount of Pu239 present i n t h e f e r g u s o n i t e o r e , therefore, can be placed a t about one p a r t i n 1 x 1014 p a r t s ore.
Since t h e o r e contains 0.25% uranium, t h i s corresponds t o a l i m i t i n g Pu 23 9 1 1 t o uranium r a t i o of one to 2.5 x 1 0 .
G. Colorado Carnotite
The f i n a l sample of plutonium obtained from t h e c a r n o t i t e o r e exhibited an alpha p a r t i c l e a c t i v i t y which included 3.6 alpha p a r t i c l e s per minute due t o ~u~3~. Since a t r a c e r amount of ~u~3~, corresponding t o t h i r t y alpha p a r t i c l e s p e r minute, had been added t o t h e o r i g i n a l ore, t h e chemical y i e l d of plutonium was 1%. No more than 0.15 alpha counts per minute due t o alpha p a r t i c l e s from ~u~~~ were present; t h i s counting r a t e i s t o o small t o be sure t h a t any Pu239 was a c t u a l l y found i n t h i s sample. Since t h e o r e contains 1% uranium, an upper l i m i t on t h e amount of ~u~~~ present i n t h e c a r n o t i t e ore can be s e t a t one p a r t ~u~~~ p e r 2.5 x 1013 p a r t s ore, o r one p a r t ~u~~~ per 2.5 r 1012 p a r t s uranium.
The ~u~~~ contents of H. Summary of Results
t h e seven o r e s a r e summarized i n the following t a b l e . These a r e i n r e a l i t y lower limits f o r t h e ~u~~~ contents of t h e ores (except the fergusonite and carnotite) since t h e p o s s i b i l i t y e x i s t s , i n a l l cases, t h a t some of the plutonium remained i n t h e ore residues a f t e r the chemical treatment,.
Summary of Results
P i t chblendes:
Canadian (J3.55 U ) 
t o r s called a t t e n t i o n t o t h e importance of t h e spontaneous f i s s i o n of uranium a s a source of neutrons f o r t h e formation of t h e Pu 239
Garner, Bonner, and seaborg6 searched f o r n a t u r a l l y occurring plutonium i n t h e t h r e e o r e s , c a r n o t i t e , h a t c h e t o l l i t e , and fergusonite. They found ~u~~~ present i n c a r n o t i t e to t h e extent of about one p a r t i n 1014. They were a b l e to s e t an upper limit f o r t h e amount of plutonium i n fergusonite
9
of one p a r t i n 1 0 .
The p u n 9 content of t h e s e o r e s appears on the* surface t o possibly be r e l a t e d to t h e uranium content. Thus, t h e same r a t i o of plutonium t o uranium, A 100 gram sample of ore containing 13.5% uranium w i l l emit about 1 5 neutrons per minute by t h i s means.
-.
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As suggested previously t h e r e i s another saurce of neutrons t o be considered. One gram of uranium and t h e decay products i n equilibrium with 6 i t emit about 6 x 1 0 alpha p a r t i c l e s per minute whose maximum energies range fmm 4.2 Mev to 7.68 Mev. These alpha p a r t i c l e s , impinging on t h e nuclei of t h e l i g h t elements present, cause r e a c t i o n s whereby neutrons a r e
emitted ( a , n reactions). Roberts has reported on t h e number of neutrons emitted h e n t h i c k samples of t h e l i g h t elements a r e bombarded with 5.3 Mev alpha p a r t i c l e s . stuhlingerl0 has given the e x c i t a t i o n functions f o r t h e neutron emitting reactions involving alpha p a r t i c l e s on boron and beryllium with alpha p a r t i c l e energies up t o 8.8 Mev. With these d a t a and those of 11-15 others,
t h e number of neutrons emitted per alpha p a r t i c l e (of a given energy) impinging on a t a r g e t of a l i g h t element can be estimated. Using the chemical a n a l y s i s of a sample of Canadian pitchblende reported by Marble, 1 6 'it can be calculated t h a t i n a 100 gram sample o f o r e containing 13.5% uranium, f i f t e e n t o twenty neutrons per minute w i l l be formed due t o t h e a c t i o n of alpha p a r t i c l e s on t h e nuclei of t h e l i g h t elements i n t h e ore (a, n reactions) . However, i f , f o r example, as much as 1% of beryllium,
boron, o r l i t h i u m i s present i n t h e o r e i n a d d i t i o n t o t h e elements reported i n t h e analysis, t h e a d d i t i o n a l neutmn y i e l d s due t o (u,n) reactions i n
such a 100 gram sample would be about 100, 40, and 1 0 neutrons per minute, respectively.
Montgomery and ~o n t~o m e r y~~ have estimated t h e neutron i n t e n s i t y a t sea l e v e l i n t h e cosmic radiation t o be about 0.1 neutron per cm2 per minute. Although t h e actual cosmic ray neutron i n t e n s i t y i n t h e ores may be somewhat higher than t h i s (due t o t h e a c t i o n of other types of cosmic rays on t h e o r e ) , t h e neutron contribution from cosmic r a y s t o t h e t o t a l neutron f l u x i n t h e ores seems small.
-.
For a t y p i c a l 100 gram sample of pitchblende ore containing 13.5% uranium, then, somewhat more than some t h i r t y neutrons per minute a r e availa b l e from the sources mentioned above. Simple c a l c u l a t i o n s show t h a t t h e u23$ i n t h i s sample must capture some t e n t o f i f t e e n neutrons per minute, o r something l e s s than about 30-50% of those available, i n order t o account f o r an equilibrium concentration of one p a r t pu2j9 per 1.4 x 1011 p a r t s uranium. A consideration of t h e neutron absorption cross sections of t h e elements i n t h e ore, together with t h e i r abundances from t h e above mentioned
analysis, i n d i c a t e s t h a t absorption of t h i s f r a c t i o n of t h e neutrons by t h e uranium i s reasonable.
It should be emphasized t h a t these estimations of t h e neutron f l u x a r e necessarily q u i t e approximate. Thus, values f o r t h e spontaneous f i s s i o n decay constant of uZ3$ ¶ varying from about h a l f t o twice t h e value quoted and used above, have been reported.
similarly, t h e estimation of t h e neutmn flux from t h e (a,n) r e a c t i o n s i s subject t o e r r o r due to t h e unc e r t a i n t y of t h e composition of t h e o r e s and t h e lack o f precise knowledge for t h e y i e l d s of t h e (a,n) reactions; the estimation of t h e numbers of neutrons from t h i s source could be i n e r r o r by a f a c t o r of t m o r possibly even more. Therefore, t h e r e l a t i v e importance of these tm major sources f o r the neutrons may d i f f e r somewhat from t h a t suggested i n t h i s discussion.
A s i t u a t i o n s i m i l a r t o t h e Canadian pitchblende e x i s t s i n t h e cases of
the o t h e r pitchblende ores having a g r e a t e r uranium content. More neutrons a r e a v a i l a b l e due t o spontaneous f i s s i o n of t h e but the high uranium content of t h e ore absorbs uranium r a t i o remains e s s e n t i a l l y constant. It uranium and the (a,n) reactions, them ¶ so t h e plutonium t o should be mentioned t h a t when an appreciable f r a c t i o n of t h e neutrons a r e absorbed by uranium, the additional neutrons which r e s u l t fmm t h e f i s s i o n of u~~~ contribute s i g n i f i c a n t l y t o -t h e production of Pu 239
Somewhat d i f f e r e n t considerations seem t o apply i n t h e cases of t h e monazite ores. I n view of t h e smaller concentration of uranium i n monazite, t h e r a t i o of ~u~~~ to uranium i n monazite might be expected t o be more d e f i n i t e l y smaller t h a n t h e r a t i o i n pitchblende i f a major source of neutrons were s t i l l t h e spontaneous f i s s i o n of u~~~, since t h e r e l a t i v e l y l a r g e amounts of elements other than uranium i n the ore would capture neutrons, leaving a smaller proportion of neutrons a v a i l a b l e f o r capture by the U 238. Neutrons due t o t h e spontaneous f i s s i o n of thorium would not compensate f o r t h i s e f f e c t since t h e spontaneous f i s s i o n r a t e of thorium i s smaller than t h a t of uranium by a f a c t o r of about f i f t y e a However, t h e contribution of neutrons from (a,n) r e a c t i o n s i s r e l a t i v e l y more important. The alpha p a r t i c l e s emitted i n the decay of thorium and i t s daughters w i l l give r i s e t o (a,n) reactions with nuclei of t h e l i g h t elements i n t h e same manner a s t h e alpha p a r t i c l e s from t h e uranium decay chain. One gram of thorium and 6 i t s decay products K i l l produce 1.5 x 10 alpha p a r t i c l e s p e r minute capable of producing neutrons i n this manner. Thus, f o r example, a 100 gram sample of a t y p i c a l monazite which contains 6.5% thorium, 1.6% uranium, and l i g h t elements i n about t h e same abundance as i n t h e pitchblende used i n t h e previous example, w i l l emit about two neutrons per minute due t o spontaneous f i s s i o n and about f i v e o r t e n neutrons p e r minute due t o (a,n) reactions.
I n order t o maintain the ~u~~~ to uranium r a t i o seen i n North Carolina monazite, about 0.4 neutrons per minute must be captured by the uranium.
I f j u s t t h e uranium and thorium competed f o r t h e neutron capture, t h e uranium i n t h e ore would capture about one-fourth o f those available.
Monazite ore, however, contains an appreciable amount of t h e r a r e earth elements, which capture neutrons with appreciable cross sections, so t h a t --...
t h e low f r a c t i o n of t h e a v a i l a b l e neutrons captured by t h i uranium i s reasonable. A s t h e r a t i o of uranium t o thorium i n t h e thorium o r e s decreases, t h e number of neutrons obtained fmm (a,n) reactions becomes even more an important f a c t o r . Thus t h e number of neutrons produced i n t h e ore per gram of uranium i s g r e a t e r i n the cases o f the monazite ores than i n t h e cases of t h e pitchblende ores, t h i s e f f e c t somewhat compensating f o r t h e number of neutrons captured by nuclei other than u~~~ i n t h e monazite ores.
Since these explanations f o r t h e source of t h e plutonium i n ores suggest t h a t t h e presence of l a r g e amounts of neutron absorbing impurities, together with small amounts of uranium (or thorium), should reduce t h e r a t i o of Pu 239
t o uranium, t h e fergusonite and c a r n o t i t e ores were investigated i n order t o t e s t these suggestions f u r t h e r . Carnotite i s a potassium uranyl vanadate, while fergusonite i s a niobate and t a n t a l a t e of t h e r a r e e a r t h elements Kith a small amount of uranium. I n carnotite, t h e l a r g e amounts of potassium and vanadium would be expected t o capture most of t h e a v a i l a b l e neutrons.
Tantalum, having a high neutron absorption cross section, would be expected t o capture most of the neutrons a v a i l a b l e i n fergusonite. I n t h e case of t h e c a r n o t i t e ore, t h e r a t i o of ~u~~~ t o uranium present was s e t a t 0.4 x 10-l2 and t h i s should probably be considered t o be a n upper limit.
This i s a f a c t o r o f t e n t o t h i r t y below t h e r a t i o found i n t h e pitchblendes
and monazites. Gamer, Bonner, and seaborgJ6 working with a f i v e kilogram sample of ore, reported one p a r t ~u~~~ per 1014 p a r t s c a r n o t i t e ore. On t h e assumption of t h e same uranium content, t h i s p u t s the value of the r a t i o of t o uranium i n c a r n o t i t e below t h e value of t h e r a t i o s i n pitchblende and monazite b y a f a c t o r of f o r t y t o one hundred. Thus it can be seen t h a t t h e presence i n t h e ore of elements with high neutron absorption cross sections tends t h e uranium content.
-22-t o decrease t h e amount of Pu239 present r e l a t i v e t o O f t h e neutrons available i n t h e ore, a smaller f r a c t i o n .
can be u t i l i z e d f o r t h e production of Pu 239. I n t h e caseLof t h e fergusonite ore, l e s s than 0.01 alpha p a r t i c l e s per minute due t o Pu239 were seen, t h i s f being the lower l i m i t of detection i n t h i s experiment. Unfortunately, t h i s l o v e r l i m i t corresponds t o t h e same order of magnitude as t h e ~u~~~ contents of the pitchblende and monazite o r e s investigated. With l a r g e r samples of fergusonite, a b e t t e r limit could be s e t .
Studies by Peppard and co-workers, 22 limited t o Belgian Congo pitchblende, a r e i n agreement with these r e s u l t s so f a r as they go. They found one p a r t ~u~~~ per 1.4 x 10" p a r t s Belgian Congo pitchblende concentrate (45.3% uranium). After chemically separating microgram amounts of plutonium from very l a r g e amounts ( t o n q u a n t i t i e s ) of Belgian Congo pitchblende, they could d e t e c t no plutonium isotopes o t h e r than pu239 by mass spectrographic analysis, by d i f f e r e n t i a l pulse a n a l y s i s , o r by neutron i r r a d i a t i o n studies.
I n t h e present investigation, no evidence f o r n a t u r a l l y occurring Pu 238 was found in the plutonium f r a c t i o n separated from any of t h e o r e s . I n t h e cases of t h e Canadian and Belgian Congo pitchblendes, an upper l i m i t f o r t h e ~u~3~ content could be s e t a t one p a r t ~$ 3 8 i n more than 4 x 1015 parts ore by weight. A b e t t e r f i g u r e than t h i s could not be obtained due t o t h e . r e l a t i v e l y high background a c t i v i t y i n t h e t h e ~u~~~ could only have come from double of about 3 x 1g7 y e a r s can be s e t f o r t h e pulse a n a l y s i s apparatus, Since beta decay of ~~3~, a lower l i m i t h a l f -l i f e of u~~~ decaying by t h e simultaneous emission of two beta p a r t i c l e s . It h a s already been shown t h a t t h i s h a l f -l i f e i s g r e a t e r t h a n 6 x 10l8 years .3 Peppard e t a1 . ,22 using a d i f f e r e n t i a l pulse analyzer, gave a limit on the r a t i o of ~u~~~ t o Pu 239 i n Belgian Congo pitchblende of l a s s t h a n 3 x by weight. This, together with the concentration of ~u~3~ which t h e y found, s e t s a lower l i m i t f o r the h a l f -l i f e of u~~~ decaying by t h e simultaneous emission of
two beta p a r t i c l e s a t 4 x 1 0 y e a r s . energy. I f , f o r example, a 10 year ~u~~~ had amounted t o 4% of t h e ore a t 11 t h e time of t h e o r i g i n of t h e e a r t h , approximately four p a r t s i n 1 0 p a r t s ore would s t i l l remain. From the l a c k of alpha a c t i v i t y i n t h e 4.5-4.7 Mev region, we can s e t an upper l i m i t f o r the presence of ~u~~~ i n t h e Canadian pitchblende ore of about 50 p a r t s pu2@ per 10" p a r t s pitchblende. Peppard and co-mrkers, 22 through mass spectrographic a n a l y s i s of micro&mn q u a n t i t i e s of plutonium obtained from wastes r e s u l t i n g fmm t h e processing of ton q u a n t i t i e s of Belgian Congo pitchblende f o r uranium, showed t h e t o t a l content of plutonium isotopes other than p 7 . 1~~~ t o be l e s s than 1% by weight of the t o t a l plutonium. The ~u~~~ content i n t h e Belgian Congo pitchblende i s thus 13 limited t o l e s s than one p a r t i n 1 . 4 x 1 0 p a r t s ore. This i n d i c a t e s t h a t e i t h e r no appreciable q u a n t i t i e s of were deposited with t h e Belgian Congo pitchblende, o r t h a t t h e h a l f -l i f e of t h e hypothetical puW* i s l e s s 8 than about 1 0 years.
Since t h e chemical properties of the lower oxidation s t a t e s of plutonium a r e quite similar t o t h e chemical properties of thorium and t h e r a r e earth elements, i t is conceivable t h a t a hy-pothetical long-lived plutonium, formed a t the time o f t h e o r i g i n of the earth, would be found i n thorium-rare earth minerals, such as monazite. The plutonium sample separat.d f m m t h e Brazilian monazite had an alpha a c t i v i t y i n the 4.5-407 Mev region which was l e s s than 14% of t h e i n t e n s i t y of alpha a c t i v i t y due t o pun9. For a h a l f -l i f e of lo8 * years f o r t h e hypothetical pu2&, t h e Pu2& content of th; monazite ore i s l i m i t e d t o l e s s than one p a r t h2& per 3.6 x lo1' p a r t s ore by weight. With t h e equipment now a v a i l a b l e , a f i v e t o t e n kilogram sample of ore would allow such a Pu244 isotope of about 4% initial abundance t o be i d e n t i f i e d .
It i s of i n t e r e s t t o n o t e some other isotopes probably e x i s t i n g i n nature which would be formed i n a manner analogous t o the mechanism postulated f o r t h e formation of Pu 239e A s was pointed out by Garner, Bonner, and Seaborg, 6
t h e capture of a neutron by thorium w i l l r e s u l t i n t h e formation of u~~~ and t h e 9nissingt1 neptupium (f+n+l) radioactive s e r i e s , thus: ~h~3~ + n > m233 B--pa233 B-, u 233. It has been shown t h a t the number of neutrons available f o r capture in a typical thorium ore such as monazite i s a f a c t o r of some f i v e below the number available i n pitchblende. Since t h e neutron capture cross s e c t i o n of ~h~~~ i s about t h e same as t h a t of u~~~, and t h e h a l f -l i f e of u~~~ i s a f a c t o r of about f i v e greater than t h e h a l f -l i f e of Pun9, t h e r a t i o of u~~~ t o ~h~~~ i n monazite should be about t h e same order o f magnitude a s the r a t i o of ~u~~~ t o u~~~ i n pitchblende: about one p a r t u~~~ per 1011 p a r t s of thorium. The presence o f any of the members of t h i s s e r i e s would be d i f f i c u l t t o d e t e c t due t o t h e presence of t h e o t h e r radioactive isotopes r e s u l t i n g fmm t h e o t h e r natural radioactive s e r i e s .
The ~u~~~ i t s e l f w i l l capture neutrons and, by a s e r i e s of steps, w i l l fonn o t h e r transuranium elements, thus: ~u~~~ + n -pu240; Probably, however, only very minute q u a n t i t i e s of these o t h e r transuranium elements e x i s t i n nature. Unless some other long-lived transuranium progenitor, with a h a l f -l i f e comparable t o geological time, e x i s t s , t h e r a t i o of n a t u r a l l y occurring t o Pun9 i s smaller t h a n t h e r a t i o of ~u~~~ t o u~~~ by a very l a r g e f a c t o r , and t h e amounts of n a t u r a l americium and curium -T7 a r e undetectable by present means. Since the neutron c a p f i r e c r a s s sections of ~u~~~, and Amu a r e known, it is possible t o c a l c u l a t e approximately how much of the o t h e r transuranium elements a r e present. Neptunium w i l l be present as a r e s u l t of t h e reactions u~~~(~,~I I ) u
237
$--Np237,
-but t h e requirement of high energy neutrons ( g r e a t e r than about 6 ~e v ) reduces t h e concentration of t h e N~~~~ to a value somewhat below t h a t of t h e pu239, but s t i l l s u f f i c i e n t l y l a r g e t o be detectable. respect ' t o t h e x h e m i c a l procedures. This work was performed under t h e auspices of t h e U . S . Atomic Energy Commission.
